In this paper we describe novel methodology for evaluating competition among strains of Rhizobium bacteria which can be found naturally occurring in or can be introduced into soil. Rhizobia can occupy nodules on the roots of legume plants allowing the plant to 'fix' atmospheric nitrogen. Our model defines competitive outcomes for a community (the multinomial count of nodules occupied by each strain at the end of a time period) relative to the past state of the community (the proportion of each strain present at the beginning of the time period) and incorporates this prior information in the analysis. Our approach for assessing competition provides an analogy to multivariate methods for continuous responses in competition studies and an alternative to univariate methods for discrete responses that respects the multivariate nature of the data. It can also handle zero values in the multinomial response providing an alternative to compositional data analysis methods, which traditionally have not been able to facilitate zero values. The proposed experimental design is based on the simplex design and the model is an extension of multinomial baseline category logit models that includes multiple offsets and random terms to allow for correlation among clustered responses. Supplemental materials for this article are available from the journal website.
INTRODUCTION
Competition occurs among species when a required resource is limited and the species 'compete' to each obtain the resource. Competition has been widely studied experimentally across many organisms (Nicol and Thornton 1941; Connell 1983; Schoener 1983; Firbank and Watkinson 1985; Goldberg and Barton 1992; Iwasa, Nakamaru, and Levin 1998 Here we develop a modeling approach for discrete multinomial response data that extends the current competition literature in three ways: (1) it is analogous to a competition model derived for continuous responses by Connolly and Wayne (2005) that defines competitive outcomes relative to the past state of the community and incorporates this prior information in the analysis, (2) it allows for the multivariate nature of the response data, (3) it will handle zero response values. Our model is a baseline category logit model extended to include random effects (Hartzel, Agresti, and Caffo 2001) to allow for correlated responses and multiple offset terms to allow for initial starting values of species. Offsets have previously been used with models for discrete responses (logistic regression in Agresti 2002) but multiple offsets have not been used with multinomial models or for the purpose of assessing competition among species.
The models developed in this paper are motivated by a study of competition among strains of rhizobia bacteria, which are found naturally occurring in soil or can be introduced deliberately into soil. Rhizobia can occupy nodules on the root of legume plant species resulting in atmospheric nitrogen fixation and thereby supply the host plant with N and provide additional N in the legume environment. This natural source of N can be beneficial to the productivity of grassland systems and can reduce the cost of running the system. It is possible that some strains of rhizobia are superior at occupying nodules and at fixing N. Does the proportion of strains of rhizobia present in the soil at a given point in time affect the proportion of nodules that the strain will occupy at a later time? To answer this question we applied three strains of rhizobia to the roots of a legume species in a range of initial proportions and after a period of time counted the number of nodules each strain occupied. There were a limited number of available sites for nodulation and the strains competed to occupy them. For each community (root section) we have a vector of initial proportions and a final multinomial response vector. We modeled the change from initial proportion applied to final proportion of nodules occupied for each strain.
In a community, a good competitor is one that gains proportionately more over time than other species (Connolly, Wayne, and Bazzaz 2001) . Connolly and Wayne (2005) and Ramseier, Connolly, and Bazzaz (2005) developed a multivariate modeling approach to assessing the effects of the species identity, environment and species initial relative abundance on the outcome of competition. The continuous and multivariate response measured was the relative growth rate of each species in a community over a period of time. The variable(s) modeled were the differences in relative growth rates between pairs of species in a community, giving the name RGRD (relative growth rate difference) to the models. The RGRD model does not currently facilitate discrete responses.
When the response for each species in a community is a discrete whole number each experimental community provides a multinomial response vector. There is a long history of modeling approaches to community dynamics for such discrete responses (May 2001) and these can been related to a discrete version of the Lotka-Volterra model
